Flll rat cells transformed by simian virus 40 mutant tsA1499 are cold sensitive for the expression of transformation. Yet, unlike Flll cells transformed by tsA58, they do not lose the ability to stabilize the transformation-associated host cell protein p53 at the temperature at which transformation is extinguished.
Although it has been clear for a number of years that the maintenance of the neoplastic phenotype in a cell transformed by simian virus 40 (SV40) depends on the continual functioning of the virus-encoded protein known as large T antigen (2, 21, 30, 38, 46, 51) , exactly how T antigen performs this feat remains obscure.
Large T antigen is a 708-amino-acid protein which is found to be associated in high concentrations with various nuclear fractions of the cell (45) and in low concentrations with the plasma membrane (20) . Multiple, genetically separable functions have been assigned to large T antigen (50) , many of which could conceivably be crucial in keeping a host cell transformed. Some of these functions, however, can be active in viruses that are unable to maintain transformation and, therefore, appear unlikely to be sufficient for the maintenance of malignancy. These include the ability to bind to the SV40 origin of DNA replication (7) , to initiate viral DNA synthesis (10) , to regulate viral transcription (10) , to confer immortality (9) , and to stimulate rRNA transcription and DNA synthesis in the host cell genome (44) . Some large-T-antigen functions can be lost from a virus without impairing its ability to transform and therefore appear unnecessary for maintaining transformation. These functions include the ability to bind to the origin (49) , to initiate viral DNA synthesis (31, 48) , and to help with adenovirus replication (1) . Of the known functions of large T antigen, only two have not been convincingly dissociated from the maintenance of transformation: an ATPase activity which copurifies with T antigen (6, 15, 49) and the ability of T antigen to from a complex with and stabilize a host cell protein with a molecular weight of about 53,000 (p53) (24) .
The most attractive current hypothesis suggesting the mechanism by which T antigen might act to maintain transformation focuses on the ability of T antigen to complex with p53. p53 is a highly conserved (23) , very short-lived (36) phosphoprotein with an associated protein kinase activity (22) that appears to play a regulatory role in normal cellular growth control, as microinjected antibodies against p53 can halt serum induction of normal cellular DNA synthesis (33) . p53 levels are usually low in normal cells. In cells transformed by SV40, virtually all cellular p53 is complexed with a portion of T antigen (32) , and the level and stability of the p53 protein are increased manyfold (36, 37) . It has been * Corresponding author.
proposed that these high levels of p53 complexed with T antigen act in a positive way to maintain the unregulated growth of the SV40-transformed cell (25) .
This suggestion is enhanced by the finding that early transformation-associated antigens of two other DNA viruses, adenovirus and Epstein-Barr virus, also form complexes with and increase the levels of p53 (28, 42) . In addition, p53 levels are elevated in a wide array of variously induced primary tumors and tumor cell lines, especially in mice (13, 26, 40, 41) , but also in human tumor cells (12, 14) . However, there are clear exceptions to these correlations of high p53 levels and transformation. Some tumor cells of human (12) and mouse origin (36) and some primary mouse tumors (40) do not show high p53 levels. In lymphocytes (34, 35) , some cultured cells (14) , and early embryos (5), high levels are seen in the absence of transformation. As has been true of some earlier correlates of transformation, elevated levels of p53 could be a frequent consequence of the expression of the rapid-growth phenotype of the transformed cell rather than the fundamental cause of tumorigenic growth deregulation.
The experiments reported here test whether the expression of the transformed phenotype always correlates with the stabilization of p53 in an SV40-transformed cell line. The results indicate that transformation can be lost without significant reduction in the p53-T-antigen complex or in p53 stability and that the p53 stabilizing function of T antigen is not sufficient to maintain the transformed state.
A matched set of cell lines (38) were used which were all selected and recloned in agar after virus infection of one parental rat fibroblast line, Flll (for culture methods, see reference 38). The lines were derived from infection with different T-antigen mutants and varied in the effect of temperature on their ability to express transformation. Transformation has been measured as the ability to clone in soft agar, an assay which has been shown to be a strict and appropriate in vitro correlate of neoplasia in SV40-transformed rat cells (50) . [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] , by tsA58 or by tsA1499 were grown at the temperature indicated for 3 days and tested at that temperatuire for the ability to clone on plastic and to clone in 0.3% soft agar (38) . Relative agar plating efficiency = (agar plating efficiency/plastic plating efficiency) x 100. mutant (2, 21, 30, 38) . Flll, transformed by mutant tsA1499 (39) , expresses transformation efficiently only at the high temperature. This cold-sensitive phenotype occurs in the majority of clones transformed by the unusual mutant (38) , which contains a deletion at the carboxy-terminal end of T antigen, resulting in a shortened protein (dl T).
The stability of p53 and of the p53-T-antigen complex was tested in pulse-chase experiments under conditions in which transformation was either on or off (Fig. 1) . Brother dishes of cells growing at high or low temperature were pulsed with [35S]methionine and chased for various periods of time. An identical amount of extract from each dish was immunoprecipitated with monoclonal antibodies to either p53 or large T antigen, and amounts of p53 and T antigen were visualized on fluorograms of sodium dodecyl sulfate gels. The wildtype transformant behaved as expected (32) . Large T antigen was stable, the mnajority of it was not complexed with p53, and, as reported previously (3, 4) , it appeared to complex with p53 slowly as the amount of pulse-labeled T antigen precipitated by anti-p53 increased with time, especially at high temperature. p53 was also stable in the wild-type transformant and ran on these gels as a doublet with label appearing first in the slower-moving band and then equilibrating between the two. This apparent increase in mobility of p53 has been seen by others after short pulses (3) and may be due to differences in phosphorylation (3) or to modifications in primary structure (29, 47) . In these rat cells, the faster-moving band labels more heavily with 32p (data not shown), but both bands can complex with T antigen, as both are precipitated by anti-T-antigen antibodies.
The tsA58-transformed rat cells behave in the same manner as mouse cells transformed by this same mutant (4, 17, 27) (Fig. 1) . At low temperature, where transformation is expressed, the cells are indistinguishable from wild-type transformants, except for the slightly increased lability of large T antigen. At high temperature, where the transformed phenotype is extinguished, T antigen is quite labile, and p53 is extremely unstable. Little p53-T-antigen complex is formed in these cells at high temperature, for, although both p53 and T antigen are clearly present, precipitation of one protein with the monoclonal antibodies specific for the other was seen only in very overexposed gels.
Rat cells transformed by tsA1499 are cold sensitive for the expression of transformation to approximately the same extent that tsA58 transformants are heat sensitive (Table 1 ). Yet, the amount of p53-T-antigen complex and the stability of p53 do not appear to change with growth temperature, although under the same conditions, a dramatic change is observed in F(tsA58)A (Fig. 1A and B) . In F(tsA1499)1 at low temperature, as well as at high temperature, p53 is clearly complexed with T antigen and is reasonably stable. Despite the fact that these cells are as isogenic as we can make them, there are several consistent differences between this line and the wild-type and tsA58 transformants. (i) The slower-migrating component of p53 remains heavily labeled and does not equilibrate with the faster component in the tsA1499 line. (ii) A larger proportion of total T antigen is complexed with p53 in the tsA1499 transformant. This is due, in part, to the fact that there is less total T antigen in this line than in the other lines. (iii) p53 is less stable in the tsA1499 transformants, more noticeably so after a very short pulse (Fig. 1A) than after a longer pulse (Fig. 1B) . However, although these differences may limit somewhat direct comparisons among different lines, none of the unique characteristics of the tsA1499 line appear to be causally related to the expression of transformation, as they all persist at both high and low temperatures, regardless of whether transformation is expressed or extinguished. For example, densitometry tracings of the gel depicted in Fig. 1B , with an exposure that brings the relevant bands well within the experimentally determined linear range of gel sensitivity, show that 28% of the initial p53 remained in the tsA1499 transformant after a 22-h chase at 31.5°C and 48% remained after the same chase at 39.3°C. In the tsAS8 transformant, 24% of initial p53 remained after 22 h at 31.5°C, whereas none was detectable at 39.3°C. Thus, in the tsA1499 line expressing the normal phenotype at low temperature, p53 was as stable as it was in the tsA58-transformed line, which was fully transformed at this temperature.
To determine whether some difference could be detected by sedimentation in the p53-T-antigen complex which could account for the shift in transformed phenotype in F(tsA1499)1, extracts from the three cell lines growing at high and low temperatures were run on 5 to 20% sucrose gradients, and individual fractions across the gradient precipitated with anti-T-antigen antibodies were run on sodium dodecyl sulfate gels (Fig. 2) .
In the wild-type transformant, sedimentation profiles for T J. VIROL. Table 1 were labeled in quadruplicate with [35S]methionine for 50 min at 31.50C or for 20 min at 39.30C and either extracted at once (lane p) or chased in media containing a fivefold excess of cold methionine for 1 h (lane 1), 4 h (lane 2), or 24 h (lane 3). Extracts made in buffer containing 0.15 M NaCl, 1% sodium deoxycholate, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate, 10 mM phosphate buffer (pH 7.4), and 1% Trasylol were immunoprecipitated with monoclonal antibodies to p53, PAb 122 (18) (upper two rows of panels), or with monoclonal antibodies to large T antigen, PAb 419 (11, 19) (lower two rows of panels). Monoclonal antibodies were purified by a 50% ammonium sulfate cut from culture supernatants of hybridomas grown in staphylococcus-adsorbed fetal calf serum. Immunoprecipitates were run on Ortec 20% gels and fluorographed as described previously (38) . Control precipitations of each extract with ammonium sulfate cuts of media showed no bands. Sequential immunoprecipitations showed that antibody concentrations were sufficient to precipitate all but trace amounts of recognized proteins. (B) Stability of p53 after a long pulse. Methods were as described for (A), except that cells were labeled for 1 h at 39.3°C and for 2 h and 15 min at 31.50C. Chase times were 6 h (lane 1) or 22 h (lane 2).
antigen and p53 did not vary with temperature. No T antigen was seen at the top of the gradient, where monomers and dimers would be expected in these standard gradients (32) . There was a peak of T-antigen oligomers just below the middle of the gradient, and heavy p53-T-antigen complexes could be seen in fractions near the bottom.
In the tsA58 transformant grown at low temperature, p53 sedimented as in the wild-type transformant, although T antigen banded more broadly with more label in the monomer-dimer region. At high temperature, as reported previously in other tsA58-transformed cells (4, 17) , T antigen sedimented largely in the monomer-dimer region, and p53 was not detectable over the background.
In the tsA1499 transformant, T antigen sedimented over a broader range than in the other cells tested, but p53 was seen in the same fractions as in the parallel wild-type gradients. There was no striking difference in pattern between cells at different temperatures where the transformed phenotype clearly varied. When these gradients were precipitated with anti-p53 instead of anti-T-antigen serum, similar results were obtained for the distribution of the p53-T-antigen complex, and no p53 was detectable sedimenting outside of the complex region (data not shown).
In both the tsA58-and tsA1499-transformed cells, the maintenance of transformation appears to depend on T antigen, as transformation is sensitive to temperature shifts Table 1 were labeled with 32p for 120 min at either 31.5 or 39.3°C, with twice as much label at the lower temperature. To maintain temperature controls, all media were prewarmed, and plates were left undisturbed in incubators for the pulse period. Extracts prepared in Trisbuffered saline (pH 7.4) containing 0.5% Nonidet P-40 were centrifuged in parallel through 5 to 20% linear sucrose gradients by the procedure of McCormick and Harlow (32) . Fractions were collected, immunoprecipitated with monoclonal anti-T antigen, and run on gels as in Fig. 1 , except without fluorography. Sedimentation is from right to left. dl T marks the shortened T antigen produced by mutant tsA1499.
only in the mutant transformants and not in the wild-type transformants (Table 1) (38) . Yet, only in the tsA58 transformant is the loss of transformation accompanied by a dramatic decrease in p53 stability and loss of the p53-Tantigen complex. In the tsA1499 transformant, p53 is quite stable whether transformation is being expressed or not. These results indicate that p53 stabilization alone is not sufficient to maintain the transformed state. The possibility that p53 stabilization, in addition to being insufficient, may sometimes also be unnecessary to maintain transformation is raised by observations that (i) in SV40, two plasmid-cloned deleted genomes are able to transform, although their truncated large T antigens fail to stabilize p53 (8, 43) ; and (ii) in adenovirus, fully transformed cells can be derived from transfections with DNA fragments unable to make a fullsized p58, the adenovirus tumor antigen known to complex with and stabilize p53 (16, 41a) .
The data presented in this paper do not address the question of whether the persistent p53-T-antigen complex in
